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Higgs Physics Broad Landscape 

Precision

- Mass and width

- Coupling properties

- Quantum numbers (Spin, CP)

- Differential cross sections

- STXS

- Off Shell couplings and width

- Interferometry

Non minimal Higgs sectors

- 2 HDM searches

- MSSM, NMSSM searches

- Doubly charged Higgs bosons 

Tool for discovery

- Portal to DM (invisible Higgs)

- Portal to hidden sectors

- Portal to BSM physics with H0


 in the final state (ZH0, WH0, H0H0)

Rare decays

- , , Muons 


- LFV  , 


- , , WD, , 

Zγ γγ* μ+μ−

μτ eτ
J/Ψγ ZΥ ϕγ ργ

Rare Production

- tH (single top and Higgs)

- FCNC top decays

- Di-Higgs production (and trilinear 

couplings)

PDG Listing entry for the Higgs boson

The Higgs particle
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The Higgs from the Nuclear Standpoint

938.27208816(29) MeV/c2939.56542052(54) MeV/c2

4.7+0.5
−0.3 MeV/c2

2.2+0.5
−0.4 MeV/c2

The proton and the neutron are the same 
particle (same strong isospin double)…

The neutron is heavier than the proton 
with a mass difference of ~0.1% 

95% of the mass of nucleons from quark condensates and confined quark and 
gluon kinetic energies.


 1% from electromagnetic effects (slightly larger for proton) 


 4% from its constituent quarks 

With even just slightly different masses, nuclei as we know them would not be stable…
This tiny difference is due to the Higgs coupling to quarks!

Other important fundamental 
concepts borrowed from quark 
condensates and the strong 
interaction…

https://en.wikipedia.org/wiki/Electronvolt#Mass
https://en.wikipedia.org/wiki/Electronvolt#Mass


An Accurate Analogy

1950 – Landau and Ginzburg

JETP 20 (1950) 1064

1957 – Bardeen, Cooper and Schrieffer 
Phys. Rev. 108 (1957) 1175

Higgs Mechanism

Higgs field

Weak charge

Mass of the W 
and Z bosons

(No dynamic explanation)

Cooper pair 

condensate

Electrically 
charged (2e)

Mass of the 
photon

SC (BCS) Theory

Further reading : L. Dixon, “From superconductors to supercolliders” 

(http://www.slac.stanford.edu/pubs/beamline/26/1/26-1-dixon.pdf)  

The universe
The universe Superconductivity

Is the Higgs boson composite?



The Standard Model of Particle Physics
This is the Lagrangian density which contains the 
information about the dynamics of the considered 
system. 

Beauty: simplicity of these expressions, and 
interactions governed by gauge symmetries 
only 3 (EW) and 2 (QCD) parameters!

Ugliness: number of free parameters (26 altogether) 
not governed by symmetries

The Higgs Mechanism… postulates the Higgs field!

From neutron electric dipole 
moment measurements

The strong CP problem

- Gauge Hierarchy (and Naturalness)

- Flavour hierarchy (includes neutrino masses)

Why are masses so different? Yukawa 
couplings are set by hand!  

Hierarchies



Already more than a Decade Ago!
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The international journal of science / 7 July 2022

HIGGS 
AT 10
Probing the 
properties  
of the most  
elusive particle 
in physics

Higgs 10 symposium at CERN

CMS news

ATLAS news

CERN news

https://indico.cern.ch/event/1135177/timetable/
https://cms.cern/cms-updates
https://atlas.cern/Updates/News
https://home.cern/news


åThe Discovery of the Higgs Boson

The discovery of the Higgs boson is a landmark result in particle physics 

- A textbook discovery (achieved faster than anticipated)

- A gift of nature (a Higgs boson mass maximising the number of channels in 
which to measure its coupling properties)

At the time of the discovery the Higgs boson mass was already 
known to be 125 GeV at 0.5% precision. 3



First Precision Measurement at the LHC!

• Measurement done exclusively in the 
diphoton and 4-leptons channel.


• Systematics dominated by experimental 
uncertainties.


• Reached at Run 1 a precision of 0.2%.


• Precision reached 0.09% (below permil!)

Higgs boson mass measurement

Similar precision by CMSPrecision foreseen at HL-LHC 10-20 MeV



What have we Learned from Knowing its Mass?

Electroweak Measurements consistent at quantum 
corrections level (also assumes SM)

Precision measurements allow to make predictions!! 
Assuming the SM, the top quark mass and Higgs boson mass 
were (approximately) known before being discovered!

The role of Precision 

Predicted top quark mass
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Nima Arkani Hamed 

Running of the Higgs self coupling, assuming SM only at high scale

Near vanishing coupling at 
the Planck scale

Vacuum (meta) stability

V(ϕ) = − m2φ†φ + λ(φ†φ)2

mH = 2λv



The (running) Higgs mass and the Naturalness Problem 

R. Barbieri

Nobel Colloquium

If the Higgs boson is an elementary scalar, loop 
corrections to its mass are quadratically divergent, not an 
issue per se (renormalisation) but if there is new physics at a 
high scale a threshold in the running Higgs mass will 
appear implying a fine tuning of the mass at the high 
scale!

Scale of new physics has 
to be extremely fine 
tuned in order to cancel 
perfectly the high energy 
scale natural parameters.

Solutions explored:


- Weakly coupled (SUSY)

- Strongly coupled (Composite)

- Warped extra dimensions

To be natural, solutions involve new physics 
at close-by energy scales! Or invoke the 
Anthropic principle… 



åThe Higgs Field
The Higgs particle is related to most of the fundamental questions we have about nature

The Higgs particle completes the Standard Model (SM) a theory that now explains all our observations at colliders.

- The origin of the asymmetry between matter and anti-matter in the universe? CP Violation and EW Phase transition

- Why is the electric dipole moment of the neutron so small? Answers involve a scalar field the axion The Strong CP problem

- The nature of Dark Matter , is the Higgs responsible for its mass?

- Why do electrons have precisely the same charge as the protons? Grand Unification

- The nature of neutrinos, their masses and the widely different masses between fermions. Flavour Hierarchy problem

However the SM is very far from explaining everything!

- The (origin of) Higgs mass is one of the greatest mysteries of fundamental physics! The Naturalness problem

- Gravity at small distance scales - attempted descriptions also often imply a fundamental scalar field the Dilaton

- What fuels inflation - involves the existence of a fundamental scalar, the inflaton?  
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- The nature of Dark Energy The cosmological constant problem



Opportunities at Future Colliders at the Energy Frontier

Energy Frontier Vision in which the Higgs boson plays a very 
important role  

- Short term: immediate priority is the success of the HL-LHC 
(construction, operations, computing and software, and 
physics program)


- Medium term: e+e- Higgs factory, either based on a linear 
(ILC, C3, CLIC) or circular collider (FCC-ee, CepC) to enable 
an unprecedented precision investigation of the EW sector.


- Long term:  a 100-TeV or more proton-proton collider (FCC-
hh, SppC) or a 10-TeV muon collider to directly probe the order 
10 TeV energy scale

N. Arkani Hamed



A Scientific Mission for the 21st Century

2010 2020 2030 2040 2050 2060 2070

LHC Run 1 
2009-2012 7-8 TeV  
75% Nom. Lumi, PU 30-40  
Int. Lumi. 30 fb-1

LHC Run 2 
2014-2018 13 TeV  
100% to 2x Nom. Lumi, PU 40 
Int. Lumi.190 fb-1

LHC Run 3 
2022-2026  13.6 TeV  
2x Nom. Lumi., PU 60 
Int. Lumi. 450 fb-1

HL-LHC (Runs 4-6) 
2029-2041 13.6 - 14 TeV and 2x 
Nominal Luminosity, PU 140 - 200 
Int. Lumi. 3000 fb-1

Higgs couplings to 
Fermions of the third 
generation (top, bottom 
and taus)!

Discovery of the Higgs 
Boson, measurements of 
Higgs Boson couplings to 
bosons (gluons, photons, 
W and Z)

Higgs couplings to 
Fermions of the second 
generation (muons) and 
more rare decays

di-Higgs boson production 
and Higgs self coupling and 
precision Higgs physics!

LS1 
2012-204 
Consolidation of LHC 
interconnections

LS2 
2018-2022 
Experiments Phase-I 
and accelerator 
upgrades

LS3 
2026-2029 HL-LHC 
installation and major exp. 
upgrades

LHC

FCC-ee 90 - 265 GeV

Ultimate Precision e+e−

CLIC 380 GeV- 3 TeV

ILC 250 GeV - 1 TeV

Cool Copper Collider  250 - 550 GeV 

CepC 90 - 240 GeV

Ultimate Energy (pp,  )μ+μ−

FCC-hh 100 TeV

SppC

Muon Collider
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Three Pillars of Higgs Physics at Colliders
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This term could 
not exist 

without a vev

All the couplings of the Higgs boson to Standard Model particles (except itself) were known before the discovery 
of the Higgs boson! A very predictive model! 

V (�) = µ2�⇤�+ �(�⇤�)2
<latexit sha1_base64="+e0kbtPWRzpyPwJoQdy6flpB5Cs="></latexit>

Spontaneous Symmetry Breaking

In the SM EW transition is a cross over does 
not fulfil requirements for baryogengesis, 
studying the Higgs potential is an outstanding 
goal of the Higgs physics program



Unrivalled at the Energy Frontier   
13.6 TeV (centre-of-mass energy)

Outstanding at Intensity Frontier   
Record Luminosity* of  2.26 × 1034 cm2s−1

The Large Hadron Collider (LHC) - the Energy Frontier

*Close to SuperKEKB at 2.22 × 1034 cm2s−1

HL-LHC is a Higgs factory ~160 M Higgs events

In comparison Future ee up to ~1-4 M Higgs Events, 
but much cleaner and « usable » events




The Large Hadron Collider (LHC) - the Energy Frontier
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5 to 7.5 x nominal Lumi

13 TeV

integrated 
luminosity

2 x nominal Lumi2 x nominal Luminominal Lumi
75% nominal Lumi

cryolimit
interaction
regions

inner triplet 
radiation limit

LHC HL-LHC

Run 4 - 5...Run 2Run 1

DESIGN STUDY PROTOTYPES CONSTRUCTION INSTALLATION & COMM. PHYSICS

DEFINITION EXCAVATION

HL-LHC CIVIL ENGINEERING:

HL-LHC TECHNICAL EQUIPMENT:

Run 3

ATLAS - CMS
upgrade phase 1

ALICE - LHCb
upgrade

Diodes Consolidation
LIU Installation

Civil Eng. P1-P5

experiment 
beam pipes

splice consolidation
button collimators

R2E project

13.6 TeV 13.6 - 14 TeV

7 TeV 8 TeV

LS1 EYETS EYETS LS3

ATLAS - CMS
HL upgrade

HL-LHC 
installation

LS2

30 fb-1 190 fb-1 450 fb-1 3000 fb-1

4000 fb-1

BUILDINGS

20402027 20292028

pilot beam
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Very broad overview!

- pp elastic scattering (down to the CNI 
regime), exclusive production, diffractive 
scattering

- QCD Jets, multi jets, photons and 
photons-jets

- DY (W,Z) and with (HF) jets, photons 
and Z Off mass shell, multi parton 
interactions

- Top pair production with (HF) jets or 
photons

- Inclusive inelastic cross sections 
measurements

- Diboson inclusive and VBS

- Single top Wt, t-channel and s-channel

- Tri-bosons

- Four tops, EWK dibosons…
- Higgs production ggF-jets, VBF, HV, ttH
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Very broad overview!

- pp elastic scattering (down to the CNI 
regime), exclusive production, diffractive 
scattering

- QCD Jets, multi jets, photons and 
photons-jets

- DY (W,Z) and with (HF) jets, photons 
and Z Off mass shell, multi parton 
interactions

- Top pair production with (HF) jets or 
photons

- Inclusive inelastic cross sections 
measurements

- Diboson inclusive and VBS

- Single top Wt, t-channel and s-channel

- Tri-bosons

- Four tops, EWK dibosons…
- Higgs production ggF-jets, VBF, HV, ttH

Measurements spanning more than 9 
orders of magnitude in cross sections!

Focus in this talk  
Higgs measurements



Signatures of the Higgs Boson

Gluon fusion process 

Vector Boson Fusion 

W and Z Associated Production

Two forward jets and a large rapidity gap

Top Assoc. Prod.

~8 M events produced

~600 k events produced

~400 k events produced

~80 k evts produced

Production rates at Run 2 (13 TeV) for ~150 fb-1
19

H

H

H

γ, Z

γ

Br(H → WW*) = 22 %

Br(H → ZZ*) = 3 %

Br(H → γγ) = 0.2 %

Br(H → Zγ) = 0.2 %

Br(H → bb) = 57 %

Br(H → τ+τ−) = 6.3 %

Br(H → cc) = 3 %

Br(H → μ+μ−) = 0.02 %

W*, Z*

W, Z

b, c, τ, μ

b, c, τ, μ

Decay branching fractions



Channel

categories Br

ggF  VBF   VH   ttH

Cross Section 13 TeV (8 TeV) 48.6 (21.4) pb* 3.8 (1.6) pb 2.3 (1.1) pb 0.5 (0.1) pb

γγ 0.2 % ✓ ✓ ✓ ✓

ZZ 3% ✓ ✓ ✓ ✓

WW 22% ✓ ✓ ✓ ✓

    ττ           6.3 % ✓ ✓ ✓ ✓

   bb 55% ✓ ✓ ✓ ✓

Zγ and γγ∗ 0.2 % ✓ ✓ ✓ ✓

μμ 0.02 % ✓ ✓ ✓ ✓

Invisible 0.1 % ✓ (monojet) ✓ ✓ ✓

Nano Overview of Main Higgs Analyses at (HL) LHC 

O
bs

er
ve

d 
m

od
es

Remaining to be 
observed

Limits

Most channels already covered at the Run 2 with only 5% (~150 fb-1) of full HL-LHC dataset!

~8 M vets produced ~600 k vets produced ~400 k vets produced ~80 k evts produced

*N3LO

20
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Very broad overview!

ATLAS (Tot. unc.) ATLAS Syst. [Nature 607, 52 (2022)] CMS (Tot. Unc.) CMS Syst. [Nature 607, 60 (2022)]

ATLAS 1.04  + 0.10 
- 0.10 ATLAS 1.36  + 0.30 

- 0.26 ATLAS 1.53  + 0.56 
- 0.51 ATLAS -0.22  + 0.61 

- 0.54 ATLAS 0.90  + 0.33 
- 0.31 

ATLAS 0.95  + 0.11 
- 0.10 

ATLAS 1.33  + 0.52 
- 0.43 ATLAS 1.50  + 1.17 

- 0.94 ATLAS 1.68  + 1.68 
- 1.11 

ATLAS 1.14  + 0.13 
- 0.13 ATLAS 1.13  + 0.19 

- 0.18 
ATLAS 2.26  + 1.21 

- 1.02 ATLAS 2.86  + 1.84 
- 1.33 ATLAS 1.64  + 0.65 

- 0.61 

ATLAS 0.90  + 0.29 
- 0.26 ATLAS 1.00  + 0.21 

- 0.18 ATLAS 1.00  + 0.62 
- 0.59 ATLAS 1.00  + 0.62 

- 0.59 ATLAS 1.37  + 0.86 
- 0.75 

ATLAS  0.99 + 0.35 
- 0.34 ATLAS 1.06  + 0.28 

- 0.26 ATLAS 1.00  + 0.25 
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The Importance of Theory and Modelling
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10 20 30 40 50 60
 H+X) [pb]→ (pp ggFσ

LO*

NLO - QCD*

NNLO+NNLL QCD - NLO EW

LO - NLO EW3N

ATLAS Collaboration Run 2

CMS Collaboration Run 2

 = 13 TeVs

Nature 607, 52-59 (2022)

Nature 607, 60-68 (2022)

2022
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2002 - 2012
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1977 - 1980

C. Anastasiou et al.

S.Catani, D. de Florian, M. Grazzini and P. Nason
S. Actis, G. Passarino, C. Sturm, S. Uccirati
Harlander,Kilgore; Anastasiou, Melnikov
Ravindran, Smith, van Neerven

S. Dawson
M. Spira, A. Djouadi, D. Graudenz, P.M. Zerwas

F. Wilcek
J. Ellis, M.K. Gaillard, D.V. Nanopoulos, C.T . Sachrajda
H. Georgi, S. Glashow, M. Machacek,  D.V. Nanopoulos
T. Rizzo

* From iHixs

= 125 GeVHPredictions for m

Most measurements at LHC are dominated by 
modelling and theory systematic uncertainties (with 
some notable exceptions). 

The LHC has become a precision measurements 
machine, this would not have been possible without the 
efforts of the TH community. 

The interpretability of our results relies on our ability to 
compute accurate and precise predictions!

Predictions at hadron colliders are extremely complex 
and require several levels of modelling and calculations 
(higher order hard processes, parton fragmentation, 
hadronization, parton distribution functions, etc…) 

See talk by Giulia (Bormio 2018) 
on precision at LHC!



27
Exploring further with STXS and SMEFT Interpretations

Simplified Template Cross Sections (STXS): Combined 
measurements of Higgs boson production and decay in 
exclusive kinematic regions of the production phase space 
(and different production processes).


Interpretation in Standard Model (only SM fields) Effective 
Field Theory (SMEFT): Electroweak precision data on the 𝑍 
resonance from LEP and SLC. 

SMEFT is a coherent tools to interpret our data, it is key given 
that the no new physics has been directly found at the LHC.



The Size of The Higgs boson
28

One important example, is the  operator which represents the leading 
interaction term for a composite Higgs boson

𝒪H

After EW symmetry breaking it normalises the kinetic term in the 
Lagrangian and thus modifies all couplings simultaneously!

Taking  leads to  TeV cH = 1 Λ > 1cH
v2

Λ2
< 0.06

Comparing the Compton radius of the Higgs 
 to its radius  (as comparing the mass 

of the pion to that of the  meson! 
1/mH 1/Λ

ρ

“A case for future lepton colliders” N. Craig (See paper)

The Higgs could very well be a pNGB as the pion!

More precision is needed to probe the 
compositeness of the Higgs boson!!

How to read these results?

https://arxiv.org/pdf/1703.06079.pdf


Run 2 Highlights and Run 3 Milestones



3.0σ  (3.0σ expected)
Evidence!

VBF analysis with Higgs in bb including 
channel with photon

Taking advantage of the VBF with a photon 
topology which reduces significantly QCD 
background which has a destructive 
interference! It is also very useful to trigger on.

Non trivial 
trigger 
requirements!

EPJC 81 (2021)

30
Higgs boson decays to b-quarks in VBF Production

http://Eur.%20Phys.%20J.%20C.%2081%20(2021)%20537


Boosting the Higgs Boson!
31

It can play an important role in the measurements of the 
inclusive production at high transverse momentum!

Extremely interesting for indirect NP constraints!

Was thought to be completely impossible!

VBF significance is 3.0 σ (0.9 σ)

ggF significance of 1.2 σ (0.9 σ) 



Higgs Yukawa to taus CP Properties
CP properties of the 
tau Yukawa  
through polarisation 
correlations in 

 decayH → τ+τ−

Boosted  
candidate event

H → τ+τ−

32

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/


The CKM sector CP violation is insufficient for baryogenesis, 
pseudoscalar coupling of the Higgs boson to fermions could 
be an important source of CP violation! Non zero  implies CP violation in the Yukawa 

interaction
κ̃f

�fp
2

�
fh f f + ĩfh f�5 f

�

<latexit sha1_base64="dqNgYXVkRYbO9tSsyNO3RSN18mw="></latexit>

However indirect probes through electron (and neutron) EDM 
Very suppressed in the SM (where it arises at four loops)  

A good probe for NP BSM! 

de/e < 10�38 cm
<latexit sha1_base64="ZtiYmfw5A+Gx6PF6wZz1lXJmnGA="></latexit>

Larger if neutrinos are Majorana

Higgs Yukawa to taus CP Properties

The electron EDM constraint is weaker for taus ̃⌧ < 0.3
<latexit sha1_base64="3J2V98FrwCGn2h2JQT2y97sRYXI="></latexit>

First attempts to constrain this coupling using tau 
polarisation observables 

From J. Brod., U. Haisch and J. Zupan 2013

de
e

/ GFme [C1ẽt + C2̃et]
<latexit sha1_base64="wqPdyztMmMERqW69aceoj8dJeTY="></latexit>

f

✓
m2

t

m2
h

◆

<latexit sha1_base64="JqWTxu7EdUixefocgW3fqTn1wXA="></latexit> ����
de
e

���� < 1.1 10�29 cm
<latexit sha1_base64="KhETURRSKm2rfS9lq13UZ3Ka+l8="></latexit>

ACME II limit:

Assuming electron Yukawa SM ̃t < 0.001
<latexit sha1_base64="J+frH0CQpzQsYOjUtSd7JeXChiM="></latexit>

Careful, constraints from eEDM are already strong!



Higgs Yukawa to taus CP Properties
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ϕτ = 9 o ± 5 o (sys) ± 16 o (stat)

Pure CP-Odd hypothesis 
excluded at 3.4σ
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IP directions Tau 
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Fit the  parameter to the ϕτ ϕ*CP

Use tau polarisation variables in tau 
decays of the Higgs boson!

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-032


Evidence for H → μ+μ−

ttHWH ZH 

VBF ggH

35



Evidence for Second Generation Yukawa Coupling 

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Summary of all categories Estimate the background parameters through a fit of an analytical form!

36

Very challenging channel!



Evidence for Second Generation Yukawa Coupling 

Summary of all categories Estimate the background parameters through a fit of an analytical form!

37

Result dominated by statistical uncertainty, but watch systematics! 

Expected    

Observed   

2.5σ
3.0σ

CMS Result

μ = 1.19 ± 0.43

JHEP 01 (2021) 148

ATLAS Result

Expected    

Observed   

1.7σ
2.0σ

μ = 1.2 ± 0.6

PLB 812

- Approximately 2k events produced but very small signal-to-noise 

- Requires a very accurate description of the backgrounds.

- Gain in sensitivity: ggF, VBF, VH, ttH; mass resolution through Brem recovery!

Very challenging channel!

http://www.apple.com/uk
https://www.sciencedirect.com/science/article/pii/S0370269320307838?via=ihub


ggF VBF 
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Evidence for H → γ*ℓ+ℓ−



Merged electron reconstruction where a calorimeter (electron-like) cluster 
is associated to two tracks and conversions are carefully rejected! 

Evidence for H → γ*ℓ+ℓ−

Key experimental challenge is to go to low dilepton mass this 
required a new reconstruction technique:

~ 1.7% of Br(γγ)

m`+`� < 50 GeV
<latexit sha1_base64="RY1KTHs5T1Gem6oNhoy1AZPNaVg="></latexit>

Search initially made in this case in the 
dimuon channel only (in the low di-lepton 
mass limit the shower of electrons merge).

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
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`�
<latexit sha1_base64="ygd9NYt+5+2R3mR63Q+Bp3rxzg4="></latexit>

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>
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Expected    

Observed   

2.1σ
3.2σ

- 3 x 3 categories 
(VBF, high pT 
ggF, low pT 
ggF)  (ee 
resolved, ee 
merged, )


- Contributions 
from  are 
removed with a 
mass cut

⊗

μμ

J/ψ

Phys. Lett. B 819 (2021) 136412

https://arxiv.org/pdf/2103.10322.pdf


Searches for the  Decay ModeH → Zγ

h
<latexit sha1_base64="J16lRymcTpm7oDAUVpEQCJYjwWs="></latexit>

�
<latexit sha1_base64="Y9OFLjKtBShdL0eNsw8geGsxyPI="></latexit>

Z/�⇤
<latexit sha1_base64="2dhaOsayK8KI6+bhe/WgfFLo+6w="></latexit>

`+
<latexit sha1_base64="bdZJIokR6WGfo0zJr5DQw8gO4f0="></latexit>

`�
<latexit sha1_base64="ygd9NYt+5+2R3mR63Q+Bp3rxzg4="></latexit>

~ 2.3% of Br(γγ)|H2|W a
µ⌫W

µ⌫a
<latexit sha1_base64="70VT6B36LbHxydW8L2d/hvxsIAw="></latexit>

Field tensor coupling not measured yet!

Z-photon
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Expected    

Observed   

1.2σ
2.2σ

ATLAS Result
ggF and VBF enriched
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~10%HL-LHC

Combined search yields  observed and  expected 
(consistent with the SM expectation at the ): First evidence!

3.4σ 1.6σ
1.9σ

Combined ATLAS and CMS mass spectrum! 



More Rare Decays and Production
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Invisible decays

2.5%HL-LHC

<11% @ 95% CL

Potentially sensitive 
to charm Yukawa

Potentially sensitive 
to strange Yukawa

Potentially sensitive to 
light Yukawa

Quarkonia-photon

~100 x SM

~200 x SM

~50 x SM

Lepton flavor violating decays

FCNC decays of the top quark

Various decay 
channels of the 
Higgs boson

(diphoton, bb) 

Single top associated production

Tree level 
interference 
between W 
and top



Invisible Higgs Decays 

To be precise: upper limit on the H→invisible 
branching of 0.107 (0.077) at the 95% CL

In the SM the H→invisible branching of 0.1%
Should reach 2% level at HL-LHC! Major milestone for Run 3



The Yukawa coupling to charm
43

Use of state-of-the-art ML techniques


Use “particle clouds” (with more info than only 3D 
coordinates - 2D eta-phi, pT, charge, particle 


Particle Net uses Dynamic Graph CNN

Illustration from Particle Transformer

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
https://arxiv.org/pdf/1902.08570.pdf
https://arxiv.org/pdf/2202.03772.pdf


The challenging Yukawa coupling to charm
44

Impact of boosted 
Resolved:   19.0 (exp)

Boosted:     8.8 (exp)

Combined:  7.6 (exp)


Signal normalisation: 

μ < 14.4

Constraints on 
charm Yukawa 
1.1 < κc < 5.5

This result is very encouraging on the possibility of being sensitivity to this process at the LHC

Yields a precision on  of ~40% 
per experiment

κc

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-021/
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Off Shell HVV Couplings  and Width

Kauer-Passarino

Off Shell couplings Assumption of Standard Model and comparison to on shell allows for a 
measurement of the width of the Higgs boson!

(2
t

2
V )on shell = (2

t
2
V )off shell�H =

µoff shell

µon shell

⇥ �SM

H

Current measurement (CMS) PRD 99 (2019): 

ΓH = 3.2+2.4
−1.7 MeV

Evidence for Off-Shell production at 3.6σ

Preliminary HL-LHC results show that a reasonable 
sensitivity can be obtained with 3 ab-1�H = 4.1+1.0

�1.1
<latexit sha1_base64="40f5K+uQ+2cgh9Pe0ZS6asqpUCs="></latexit>

at HL-LHC:

Remarkable result to follow closely at Run 3! 
How much better can be done at HL-LHC?

Higgs Boson width

https://inspirehep.net/literature/1119059
http://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-002/index.html


The Higgs Self Coupling An Outstanding Goal 
for HL-LHC and Beyond



Di-Higgs Production 

Multiple channels investigated: depending on the both Higgs decays considering 
(bb, yy, tautau, WW) - All complex topologies!!

Incredibly small cross section ~1000 times 
smaller than Higgs production!

4 b-jets event 

Measuring the di-Higgs production provides 
a unique and direct probe of the Higgs boson 
self-coupling

Huge challenge! but still more than 100k 
event will be produced at HL-LHC! 

Very similar analysis as the Off-shell Higgs 
couplings!

47

4b Candidate event

Fairly complex signatures (not outrageously so!)
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HH Production and Higgs Self coupling

κt
κλ

κλκV
κV
κV

κt

κt

κ2V

Bishara, Contino, Rojo

Higgs pair production through gluon fusion (VH and VBF)

With the VBF production mode not only limits on  also on κλ κ2V

More than 3 times better limits than with 36 1/fb!!

CMS         3.4           2.5
ATLAS         2.4           2.9

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
https://inspirehep.net/literature/1497735
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Partial combination in ATLAS

−0.4 < κλ < 6.3

−1.9 < κλ < 7.5Expected

Observed
ATLAS

HH Production and Higgs Self coupling

−1.24 < κλ < 6.49CMS

Expected interval similar

Partial combination in CMS

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
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HH Production and Higgs Self coupling

At HL-LHC

0.5 < � < 1.5
<latexit sha1_base64="OdPyyYciqbeWV33fG1gMnEKR1gM="></latexit>

Current estimates yield an observation of an HH signal at 5σ
50% level constraints on the Higgs boson self coupling!

Already impressive, must try all we can to improve!!

From P. Huang, A. Long and L.-T. Wang

Probing 1st order phase transition and GW signals
The sensitivity of HL-LHC to the trilinear coupling could constrain 
models which would predict strongly first order EW phase transition!

In these cases, signals of stochastic background (e.g. collisions of 
bubbles) in the phase transition could potentially be detected by next 
generation interferometers like eLISA*)  

*eLISA: evolved LISA

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-016/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
http://inspirehep.net/record/1482923
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Future Collider Projects

LHC
FCC
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Project ILC CLIC FCC-ee CepC C3

Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km

COM energy 250 GeV 0.38, 1.5, 3 
TeV 90-365 GeV 90 -250 GeV 250-550 GeV

Lumi (1034 cm-2s-1) 1.35 1-2 7 4 1.3-2.4

Int. Lumi 2 ab-1 0.5, 1.5, 3 
ab-1 2x 5 ab-1 2x 3 ab-1 ~2 ab-1

ILC International 
Linear Collider

CLIC Compact Linear Collider

C3    

Cool Copper Collider

e+e- Collider Projects - Linear
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FCC-ee   Future Circular Collider are CERN

e+e- Collider Projects - Circular

~91 km Design with 4 interaction points
Project ILC CLIC FCC-ee CepC C3

Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km

COM energy 250 GeV 0.38, 1.5, 3 
TeV 90-365 GeV 90 -250 GeV 250-550 GeV

Lumi (1034 cm-2s-1) 1.35 1-2 7 4 1.3-2.4

Int. Lumi 2 ab-1 0.5, 1.5, 3 
ab-1 2x 5 ab-1 2x 3 ab-1 ~2 ab-1

Modern two-ring design (to reach amper currents): benchmark 
at KEK-B and Super KEK-B with double-ring e+e− collider 
with multi-ampere stored currents with over than 1000 
bunches, small β∗ of down to 0.8mm, top-up injection as well 
as a 22 mrad crossing angle at the IP with crab crossing!

FCC-ee 

CepC similar design (in China)
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FCC-ee   Future Circular Collider are CERN

• 100 000 Z / second 

• 10 000 W / hour

• 1 500 Higgs bosons / day

• 1 500 top quarks / day

Large amount of extremely  useful 
data in a very clean environment!

CepC similar design (in China)

e+e- Collider Projects - Circular

One LEP produced every 3 minutes!!

~91 km Design with 4 interaction points

Event statistics 
(4IP)

LEP x 3.105 

LEP x 2.103 

Never done 
Never done 
Never done

 <100 keV

 <300 keV

    1 MeV

 << 1 MeV    

    2 MeV

ECM errors

Z peak                 Ecm =  91 GeV              4yrs       6. 1012       
WW threshold     Ecm ≥ 157-161              2yrs       2. 108           
ZH maximum      Ecm = 240 GeV              3yrs      1.5 106         
s-channel H        Ecm = mH                                 (3yrs?)   O(5000)       

Top production   Ecm = 340-365 GeV       5yrs      2. 106           

e+e− → Z
e+e− → WW
e+e− → ZH
e+e− → H
e+e− → tt

Project ILC CLIC FCC-ee CepC C3

Location Kitakami - JP CERN CERN China TBD Japan - US?
Length 20.5 km 11-50 km 90-100 km 100 km 8 km

COM energy 250 GeV 0.38, 1.5, 3 
TeV 90-365 GeV 90 -250 GeV 250-550 GeV

Lumi (1034 cm-2s-1) 1.35 1-2 7 4 1.3-2.4

Int. Lumi 2 ab-1 0.5, 1.5, 3 
ab-1 2x 5 ab-1 2x 3 ab-1 ~2 ab-1

*From A. Blondel

Precision on  of ~3 MeVmH
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e+e- Collider Projects

Future e+e- projects are complementary 
- Circular colliders provide massive amount of data to address the Higgs and EW scale precision needs (1) 

- Linear colliders could address specific questions more the need to explore higher energies (2)

FCC is an integrated program including FCC-
hh phase - “The best project for CERN” 

FCC-ee intensity provides vast opportunities 
- x10-50 Improvement on all EW observables

- Up to x10 improvement on Higgs observables


- x10 improvement on Belle II statistics for b, c and 

- Huge direct discovery potential for feebly interacting 

particles in the 5-100 GeV range  

τ

Clear advantage of circular and 4 IP in terms 
of luminosity!
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e+e- Collider Projects

Outstanding issues 

- Timescales:


- Projects outside CERN: ILC (2038) and CepC (2035)


- Projects at CERN: FCC-ee and CLIC (2048)


- Sustainability, Energy and Power consumption are key 
parameters 

Challenging ideas to the FCC-ee 

- An upgrade of e+e− collisions to higher energies, 
~600 GeV or beyond, has been proposed through 
converting the FCC-ee into a few-pass ERL (Physics 
Letters B 804 (2020) 135394).


- Monochromatisation could give access to the s-
channel Higgs production and thus the electron 
Yukawa! Understudy.

Large uncertainties see Snowmass white paper

https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://doi.org/https://doi.org/10.1016/j.physletb.2020.135394
https://arxiv.org/pdf/2208.06030.pdf
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Feasibility Studies

Power consumption 
- 240 GeV the instantaneous power is 291 MW 

(compared to 140 MW for ILC and 110 MW for CLIC 
for less luminosity) 


- Replace 5800 quadrupole and 4672 sextuple normal 
conducting magnets by HTS CCT magnets! article

- Choice of baseline layout (90.7 km) - discussions with local 
authorities, environmental investigations and civil engineering designs 
well under way.  


- In particular studies of possible injection schemes article

https://cerncourier.com/a/fcc-ee-designers-turn-up-the-heat/
https://pos.sissa.it/449/001/pdf
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Machine Parameters

4 years 2 yrs 3 yrs 5 yrs



1.5M per IP very clean ZH events produced at threshold  

Approximately 1/3 of the number of ZH events at HL-LHC but in a 
much cleaner environment!


All final states can be very cleanly reconstructed.


Additional 200k events at 350-365 GeV with approximately 30% 
from WW fusion which is interesting for the width measurement

- Measure σ(e+e− → HZ) x Br(H → bb, cc, gg, WW, ττ, γγ, μμ, 
Zγ, …) from each individual final state.


- Can also measure invisible decays from the reconstructed Z 
boson.

Fundamental difference with the LHC (and 
other hadron colliders): the width can be 
measured from the total HZ cross section! 
Coupling measurements are less model 
dependent!

Higgs Physics at e+e- Colliders



Threshold production of HZ provides a unique opportunity to 
measure the total HZ cross section through the recoil method

m2
recoil = (

p
s� E``)

2 � |p``|2
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Measurement of the cross section at 240 GeV at 0.5% 
precision (0.9% at 365 GeV).

From conservation of energy and 
momentum, the energy and momentum of 
the Higgs is known from the Z without 
measuring the Higgs boson! 

Then using the measurement of HZ with the Higgs to ZZ*:

�(e+e� ! HZ)⇥B(H ! ZZ
⇤) / 

4
Z

�H
<latexit sha1_base64="5kf9yj598HS+s2OC1uCAcde+rqs="></latexit><latexit sha1_base64="5kf9yj598HS+s2OC1uCAcde+rqs="></latexit><latexit sha1_base64="5kf9yj598HS+s2OC1uCAcde+rqs="></latexit><latexit sha1_base64="5kf9yj598HS+s2OC1uCAcde+rqs="></latexit>

The total width of the Higgs can be measured at ~2.5% 
level with FCC-ee (240) alone.

Higgs Physics at e+e- Collider



Further measurements of the width can be obtained using the WW fusion process as follows: 

The WW fusion can be 
disentangled from the HZ process 
from the missing mass (which will 
not be peaked at the Z, but in this 
case at sqrt(s)-mH.

Then from the ratio of the following three 
measurements:

[�(ZH)⇥B(H ! WW )]⇥ [�(ZH)⇥B(H ! bb)]

�(⌫⌫H)⇥B(H ! bb)
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Substantial gain in sensitivity to the total width,  using 
higher COM energies and adding FCC-ee (365)!

Higgs Physics at e+e- Collider

Precision on  of  1.1%ΓH

Use different energy scale assumptions!
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size of the Higgs boson!

Taking  leads to  TeV cH = 1 Λ > 5.5
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v2

Λ2
< 0.002

~40



Extremely challenging for several reasons: 

1.- The production cross section is                                         will require 
extremely large luminosities


2.- Given the Higgs width of 4.2 MeV, and extremely small energy spread is 
necessary - require monochromatization.


- Default beam spread has delta ~ 100 MeV  (no visible resonance)


- Requires beam monochromatisation


- Requires a prior knowledge of the Higgs boson mass of ~couple of 
MeV at most!


- Would require huge luminosity and therefore 4IPs. 

�(ee ! H) = 1.6 fb
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First studies indicate a sensitivity of  per 
year and per detector (spread of ~6 MeV)

0.4σ

Monochromatization already considered but never used 

Monochromatization uses opposite correlation between spatial 
position and energy.

s-Channel Higgs production and e-Yukawa



Top pair cross section at threshold and above                  

Similar precisions are obtained with double Higgs

production at CLIC (√s = 1.4 and 3 TeV)

Higgs cross section at 240, 350, at 365 GeV 
Higgs self coupling precision ~30% - reduced 
to ~20% with kappaZ = 1 from SM

Precision on alphaS 
at FCC-ee will be 
important

Top Yukawa coupling precision from top pair cross section 
measurements <10%  

Model Dependent Measurements through Loops

https://arxiv.org/pdf/1711.03978.pdf
https://arxiv.org/pdf/1711.03978.pdf
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Precision Higgs Couplings Measurements
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Far more stringent constraint on the 
size of the Higgs boson!

Taking  leads to  TeV cH = 1 Λ > 5.5

cH
v2

Λ2
< 0.002

-κλ 50% 27%*

-

-

~40
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e+e- Ultimate Precision Machine!!

EW Precision

Key measurements:


- , , 



- , , 

mZ ∼ 10−6 mW ∼ 10−5

mtop ∼ 10−4

sin2
θW

∼ 3.10−6 αQED(m2
Z) ∼ 10−5

αS ∼ 10−4

FCC-ee is much, much more 
than a Higgs factory!

Superb precision achieved and 
uncertainties are dominated by 
systematic uncertainties! 

- x10-50 Improvement on all EW observables

- Up to x10 improvement on Higgs observables

- Indirect discovery potential up to 70 TeV
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e+e- Ultimate Precision Machine!!

The FCC-ee interaction region and final 
focus!


- Critical to reach highest possible luminosities


- Quadrupole magnets and final focus almost 
entirely inside the detector (at 8.4 m) - very 
strong requirements to reach nano beams!

Ultimate precision machine requires ultimate precision detectors!

Analysis work is now strongly oriented towards detector 
requirements to achieve the design precision

See talk by Magnus Mager on MAPS!

Several detector 
concepts: CLD, IDEA 
and ALLEGRO (Nobel 
Liquid concept)

Key aspects are very small amount of material in the inner 
detector region for precision track measurements and 
precise and highly granular calorimeter (numerous concepts)
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Hadron Collider Projects - Exploring the Multi-TeV scale

FCC-hh the second phase of the FCC program

Key technological challenges

- High field magnets, need 16T to reach 50 TeV/beam - Nb3Sn (FCC-hh) or Nb3Sn with HTS 

inserts (SppC) - exploration of HTS magnets


- Machine protection 30 W/m synchrotron radiation and 8GJ per beam (equivalent to Boing 
747 at cruising speed)

Project HL-LHC FCC-hh SppC 

Location CERN CERN China TBD

Circ. 27 km 90 km 55 - 100 km

COM energy 14 (15?) TeV 100 TeV 70 -140 TeV

Lum. (ab-1) 3 20-30 TBD

PU 200 1000 TBS

Field 8T 18T 20T

SppC similar design
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Hadron Collider Projects - Exploring the Multi-TeV scale
FCC-hh program

- Primary goal is to explore the Multi-TeV scale with direct 
searches for new phenomena. 


- Guaranteed deliverables: completion of the missing key 
pieces in Higgs precision  and κH κt

Essential complementarity with FCC-ee
- FCC-hh is a very intricate environment (up to 1000 PU events), 

event reconstruction at its limits and large TH uncertainites


- Precision foreseen to be reached through ratios of cross 
sections.


- Key precision deliverables: top Yukawa coupling and Higgs 
trilinear coupling! FCC-ee and FCC-hh together are 2-3 times 
better than FCC-hh alone.

Ingredients

- FCC-ee measurement of the ttZ coupling 
(  yields )


- Measure the ratio ttH to ttZ at percent level!


- Then measure ratio HH to ttH

e+e− → tt gttZ

κt κλ~1% ~5%
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FCC-hh key detector design challenges

- High luminosity - Extremely large PU, high occupancy and  

data rates, high trigger rates


- At FCC-hh Higgs produced up to rapidity of ~6.5 (up to 
2.5 at LHC)


- Very high rates for triggering Granularity will be very 
important: decay product of a Z at 10 TeV separated by 

!!ΔR ∼ 0.01

Dimensions commensurate (slightly larger) with current LHC experiments

Explore to improve on the resolution at high rapidity  

Forward dipole magnet for high pseudo rapidity particles 
Drawback: breaks the rotationally symmetric system… 
Would be similar to a central CMS and two LHCbs in the 
forward directions!

Baseline Alternative

Hadron Collider Projects - Exploring the Multi-TeV scale
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Muon Collider Project - Exploring the Multi-TeV scale

MAP (Muon Accelerator Program)

Proton driven scheme

Reduction of the 
longitudinal and 
transverse emittance 
with a sequence of 
absorbers and RF 
cavities in a high 
magnetic field. 

Initial targets for the integrated luminosities have been defined, 
namely 1, 10 and 20 ab−1 for 3, 10 and 14 TeV, respectively.Best of all worlds?

High energies, high luminosities with excellent lumi per 
MW ratio, (relatively) clean lepton collision events! 

… incredibly challenging!

Mostly aimed at new physics searches in the Multi-TeV 
scale reach!
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Muon Collider Project - Exploring the Multi-TeV scale

In principle could do everything as an  collider with a much 
smaller ring! However the luminosity is estimated to be 2 orders 
of magnitude smaller at 240 GeV.

e+e−
Muon collider as a Higgs Factory?

However at 125 GeV the s-channel production is 40,000 times 
larger (and a beam spread ~width).

Muon Collider at 3 TeV 
Notable result reach on trilinear 
coupling from di-Higgs production 
λ3 ∼ 20 %

Muon Collider at 14 TeV 

Assuming  and  could reach 50% 
precision of the Higgs boson quartic coupling.

λ3 = 1 33 ab−1

Quartic couplings studies show (see paper) 

https://arxiv.org/pdf/2003.13628.pdf
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Muon Collider Project - Exploring the Multi-TeV scale

In principle could do everything as an  collider with a much 
smaller ring! However the luminosity is estimated to be 2 orders 
of magnitude smaller at 240 GeV.

e+e−
Muon collider as a Higgs Factory?

However at 125 GeV the s-channel production is 40,000 times 
larger (and a beam spread ~width).

Muon Collider at 3 TeV 
Notable result reach on trilinear 
coupling from di-Higgs production 
λ3 ∼ 20 %

Conceptual and design challenges

- High neutrino flux (requires mitigation above 3 TeV)

- Beam backgrounds challenge to detector design.

- Production, cooling and preservation of the muons!

Constant muon decays bring beam backgrounds, 
and radiation levels similar to LHC!



Project LHeC FCC-eh

Location CERN CERN

e energy 60 GeV 60 GeV

p energy 7 TeV 50 TeV

Lumi. 0.8 1034 cm-2s-1 1.5 1034 cm-2s-1

The eh candidate machines

Main production process through vector boson fusion

Much cleaner environment than pure hadron! 

Primary program to measure proton PDFs, but also nice 
additional potential in Higgs physics

Clean enough to make charm Yukawa at good precision and 
improvement in the b Yukawa as well w.r.t. HL-LHC.Good reach in the WW channel. 

! bb, cc, ⌧⌧, etc . . .
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High Energy electron-proton Projects



Conclusions

- The Higgs boson is at the centre of a large number of fundamental questions, and its detailed study is 
key to answer these questions. 


- The results obtained so far exceed very significantly the expectations at the start of the project (3 
decades ago!).


- Higgs physics is therefore a vast experimental and theoretical research program providing essential 
guaranteed deliverables in the short term for the High Luminosity LHC, the medium term with an 
electron-positron collider and in the long term with a multi-TeV collider. 


- Collider projects from the HL-LHC to Multi-TeV machines offer a physics program for the 21st century 
with immense opportunities in particular in Higgs physics.
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Backup



- Keeping Trigger thresholds at similar levels


- Object reconstruction performance (efficiency vs rejection and energy scale and resolution) at stable levels.


- Challenge to come: improve calibrations not only with more data to come but also improved strategies.

- The gain in acceptance and in performance with new detectors (to improve PU 
mitigation), new algorithms and new computing capabilities is expected to at least match 
current experimental performance.


- Run 1 and Run 2: So far excellent trigger and object reconstruction performance in 
increasing levels of PU. Trigger Thresholds kept relatively stable throughout. 


Signature Run 1 Run 2 HL-LHC
Single e (isolated) 25 27 22 / 27

Single photon 120 140 120*
HT 700 700 375 / 350

MET 150 200 200
From A. Sfyrla LHCP 2018

- Increase readout rate 750-1000 kHz (currently 100 kHz).


- Increased latency and higher granularity.


- Enhanced data processing capabilities, storage rate up 
to 10 kHz (currently 1-2 kHz).

Menus at LHC and for HL-LHC

Performance Achievements: Trigger
77



Performance Achievements: Object Reconstruction

Taus 
- BDT and RNN based identification (70% eff. and ~50 rej.)

- In-situ calibration based on Z events  
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Electrons, photons and muons 
- Multivariate methods used for identification (at many levels) 

and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons


Jets/MET  
- JES in situ uncertainty reach ~1% level already (central and 

intermediate pT range) – using Z, γ and multi-jets.

- PU mitigation using associated tracks (jets and soft term in 

MET)

B- and C-jets 
- In-situ calibration of b-tag efficiency (using top events and/

or diet events)

- DL techniques from low level variables bring significant 

improvements




Performance Achievements: Object Reconstruction

Electrons, photons and muons 
- Multivariate methods used for identification (at many levels) 

and calibration

- In-situ calibration using Z, W, J/Psi and Upsilons


Jets/MET  
- JES in situ uncertainty reach ~1% level already (central and 

intermediate pT range) – using Z, γ and multi-jets.

- PU mitigation using associated tracks (jets and soft term in 

MET)
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Reconstruction performance: Well calibrated, robust to PU 
and… well exceeding expectations! 

200 400 600 800 1000 1200 1400 1600
Light jet rejection factor

2010JetProb 

2011-2012IP3D-JetFitter/SV1 

2014MV1 

2018 IBLMV2c20 - 

2019DL1r* 

2021GN1 

Initial tagger based on track impact parameter

Impact Parameter (IP) and Secondary Vertex (SV) tagger

Tagger combination based on MultiVariate method (MV)

MV tagger after IBL insertion at Run 2

Deep Learning Neural Network tagger

Graph Neural Network tagger

ATLAS-CONF-2011-102

ATLAS, JINST 11 (2016) P04008

ATLAS, JINST 11 (2016) P04008

ATLAS, JINST 13 T05008 (2018)

ATLAS, Eur. Phys. J. C 79 (2019) 970, Eur. Phys. J. C 81 (2021) 1087

ATL-PHYS-PUB-2022-027

 = 70%εLight jet rejection - b tagging efficiency 

* Variation in efficiency due to lower jet threshold and improved charm rejection

Taus 
- BDT and RNN based identification (70% eff. and ~50 rej.)

- In-situ calibration based on Z events  

B- and C-jets 
- In-situ calibration of b-tag efficiency (using top events and/

or diet events)

- DL techniques from low level variables bring significant 

improvements



